Here we report that the Deep Eutectic Solvent (DES), (Ethylene glycol) 2 (Choline chloride), (2Eg:ChCl)
Introduction
Nickel based superalloys are ubiquitous in use by the modern aerospace industry for applications in many parts of civilian and military aircraft engines. A range of superalloy materials has been developed to service these demanding environments and many modern aerospace parts are fabricated from nickelbased systems (e.g. polycrystalline superalloys such as alloy 718 and waspaloy) in which there are various other minor transition element additions that have specific roles, for example, enhancing phase segregation and resulting in a lattice like metallurgical microstructure.
1,2,3,4,5, 6, 7, 8, 9 The Ni based superalloys have many attractive mechanical properties including high melting temperature, high tensile strength, low coefficient of thermal expansion and low creep even at high operating temperatures. 1 This combination of properties makes them ideal for operational environments that inflict high thermal and mechanical stresses despite their high cost, relatively high weight (compared to composite materials and other high strength metals such as titanium) and the demanding casting and machining technologies required to process them into engine parts. Components fabricated from these materials are most often forged or vacuum cast from the molten metal by a lost-wax investment process. The resultant rough castings are then heat treated to homogenise the microstructure and then formed into functional parts by precision grinding. The economic cost of this process is very high and it is also limited by the size and shape of the pieces that can be processed.
For shapes and forms that do not require sophisticated single crystal or uniaxial grain orientation production methods, an alternative to investment casting in the fabrication of superalloy parts is metal powder processing by Hot Isostatic Press (HIP). Here the part is formed by the high temperature sintering of the metal alloy powder under high pressure isostatic conditions. 10, 11, 12 This process has the advantage that complex and large scale parts can be formed more quickly and more efficiently. Just as with investment casting, HIP consolidation is performed using a mould. Whereas for investment casting the mould is typically a refractory ceramic (in order to withstand the high temperatures of the molten metal) for the purposes of HIP consolidation the mould is typically formed from a thick steel can. This is possible because the temperature required for HIP consolidation (sintering) of the metal powders is well below the melting point of either the Ni based alloy or the steel can. Despite this, the mould is required to have sufficient physical integrity to maintain dimensional stability and containment at the high pressures required. To facilitate the HIP process, the steel mould is packed with the Ni-based alloy powder and then subjected to the appropriate conditions of temperature and pressure (typically by means of Ar) within a containment vessel. In subsequent processing the steel mould must then be removed.
The mould removal is simple for an investment casting process and consists of breaking off the ceramic once the casting is cooled (knock-off). However, for HIP consolidation the process is complicated by the fact that interfacial diffusion of metals at the powder/mould interfaces fuses the mould and the consolidated piece. Consequently, the steel mould has to be removed by selective chemical dissolution.
This is achieved during post-processing by immersing the mould/consolidated form assembly in a concentrated solution of aqueous nitric acid for sufficient time to dissolve the ferrous base of the mould/can leaving the Ni-based superalloy exposed. This process is operated commercially and is quite effective but the exposed external surface of the nickel-rich compact remains rich in iron (as the primary element of the steel mould) to a depth of several hundred microns. This iron-rich diffusion layer is often detrimental to the mechanical performance of the alloy and so must be removed from the consolidated form in a separate step in order to control the metallurgical properties of the subsequent Ni alloy body. Typically this is achieved by a process of electrolytic anodic dissolution known as electropolishing. 13, 14, 15 Conventional commercial electropolishing is usually performed in an aqueous electrolyte comprising a mixture of strong inorganic acids e.g. phosphoric, sulfuric or nitric acids, however, such conventional electrolytic etches often cause pitting and uneven dissolution in nickel rich substrates. Consequently electropolishing of HIP consolidated RR1000 is achieved using a commercial proprietary mixture of aqueous alkylsulphonic acid e.g. methanesulphonic acid (MSA), and glycolic acids (GA). 16 This process, although functionally effective, is economically very expensive because of the high relative cost of the electrolyte (MSA/GA) and process energy. The latter is the result of low Faradaic efficiency.
As a consequence, despite the technical benefits, the HIP production method is currently only applicable to either very large and/or very high value forms such as engine casings.
In contrast, we have recently developed alternative electrolytes using ionic liquids (choline chloride based deep eutectic solvents) for a range of metal finishing processes 17, 18 including electropolishing of stainless steels and other high performance alloys e.g. based on cobalt. 19, 20, 21 One of the most versatile of these DES is formulated from a stoichiometric mixture of choline chloride (ChCl) and ethylene glycol (Eg), 2Eg:ChCl. The general properties and specific applications for ionic liquid electrolytes in industrial processes and metal finishing have been described in detail recently. 22, 23, 24 Typically ionic liquids are a good electrochemical medium offering a wide electrochemical window, high current efficiency and good solubility for metal salts. Deep eutectic solvents in particular offer relatively low cost and low environmental impact. In the context of the study presented here, 2Eg:ChCl has a material cost (v/v) that represents approximately a quarter that of the commercial aqueous MSA/GA electrolyte and has no corrosive acidic constituents. We have recently described in detail the electropolishing of stainless steels from 2Eg:ChCl. 19, 20 In this example the electrolyte is a fully functioning alternative to the commercial process but contains no phosphoric or sulphuric acids. Furthermore, we have demonstrated the efficacy of these electrolytes in the processing of Ni-based superalloy parts in the form of single crystal (SX) turbine blades. In this case we have shown that electrolytic methods utilising DES can be applied to remove oxide scale from SX castings as well as to remove residual surface stress prior to heat treatment. 25 In this study we have aimed to explore the utility of DES as electrolytes in the electropolishing of HIP consolidated test pieces produced using Rolls-Royce powder metallurgy Ni-based alloy RR1000.
Specifically to determine if 2Eg:ChCl is effective in the polishing of RR1000 HIP consolidated samples relative to established MSA/GA electrolytes, and to quantify relative etch rates and current efficiencies of the two processes. Ultimately we are motivated by the imperative to develop sustainable, practical and economical methods of controlled removal of the external layer of HIP consolidated forms using electrolytic methods and materials that are effective and both of low toxicity and minimal impact in the work place and subsequently in the environment. were mixed in the stoichiometric molar ratio 6:4 and diluted with distilled water such that the resultant proportion of water was 25% v/v.
Experimental Preparation of electrolyte

Sample preparation by Hot Isostatic Press
Test pieces were formed by Rolls-Royce in a proprietary Hot Isostatic Pressing metal powder consolidation route using a Ni-based superalloy of chemistry as for RR1000, Table 1 . These materials and methods have been described previously. 1,26,27 Samples for electrochemical processing, etching and polishing of approximate dimensions approx. 20 x 30 mm were cut from these pieces using wire electrical discharge machining (EDM).
Surface characterisation
Surface analysis was carried out using; Digital Instruments Nanoscope IV Dimension 3100 (Veeco) atomic force microscope with a 100 μm scanning head and run using and tapping (resonant) modes;
Alicona InfiniteFocus 3G optical profiling microscope and a Zeta-20 3D Imaging & Metrology System.
A Phillips XL-30 Field Emission Gun scanning electron microscopy (FEG SEM) was used equipped with a Bruker AXS XFlash 4010 EDS detector operating at 25 kV. Secondary electron imaging (SEI)
was performed with a typical working distance of ca. 11 mm and accelerating voltage of ca. 15 kV.
Electropolishing
Electropolishing of RR1000 HIP alloys was carried out by immersion in either 2Eg:ChCl or aqueous MSA/GSA electrolytes using a purpose built 70 L scale pilot plant situated at the Ionic Liquids Demonstrator (ILD) facility at the University of Leicester. 21 A low-ripple rectifier (32 A, 24 V) was used under controlled potential conditions with iridium oxide coated platinised Ti mesh cathodes. On a smaller scale galvanostatic and potentiostatic electropolishing and dissolution experiments were carried out using Micro Autolab (III) potentiostats with GPES v9 software. A two electrode cell was used with a platinised iridium oxide coated Ti mesh as the cathode and the sample material (HIP, RR1000) as the anode.
Results & Discussion
Methodology
In electrolytic dissolution (polishing/etching) the metal removal rates i.e. etch depth and surface finish (roughness) achieved during electropolishing are a function of liquid formulation (metal ion solubility), temperature and electrochemical regime, e.g. applied potential and current density. In this context we have sought to determine etch rates and surface finish using a combination of surface profiling techniques including scanning electron microscopy, atomic force microscopy (AFM) and 3D optical profilometry (3DM). Whilst AFM provides a strong insight into the native substrate structure as well as high resolution (nm) quantitative information in respect of surface finish, it is limited in the extent of surface that can be traversed (in the plane of the substrate) in a single image (typically 100x100 μm)
and by a relatively low tolerance of absolute roughness (ca. 5 μm). In contrast 3DM is capable of imaging much larger areas of the surface and much rougher surfaces in a much shorter time scale but at a lateral resolution limited by visible light. Using these complimentary methods, AFM, 3DM and SEM we have recently been able to study phase selectivity in the electropolishing of single crystal Nibased alloys at the sub μm scale (AFM) as well as bulk etch profiling at the sub mm scale (3DM).
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In the experiments reported here we have set out to compare the electrolytic polishing/etching of test coupons cut from HIP consolidated forms using RR1000 alloy in both conventional MSA/GA electrolytes and DES type ionic liquids. Initially we have formulated lab. scale volumes of the DES ionic liquid electrolyte 2Eg:ChCl, subsequently samples consisting of HIP formed test coupons were electropolished under a range of conditions of either constant current or constant applied potential in either 2Eg:ChCl or MSA/GA electrolytes. The range of samples and experimental conditions is summarised in Table 2 . The samples were then characterised using a combination of methods including scanning electron microscopy (SEM), atomic force microscopy (AFM) and optical microscopy, as appropriate. Surface roughness and etch characteristics of the samples were determined for samples treated with each of the electrolytes in order to establish efficacy of the DES medium.
To determine etch depths resulting from electropolishing of RR1000 HIP consolidated samples 3D optical profiling was performed using a Zeta 20 3D imaging and metrology system. Here a region of cut sample token was masked with acrylic polymer resin and the sample was electropolished for periods of time at a fixed value of either applied potential or driven current. The sample was then removed from the polishing tank, rinsed and the mask resin dissolved using acetone. The sample was then imaged in the polished and unpolished regions across the mask edge boundary.
Electropolishing in 2Eg:ChCl
The DES 2Eg:ChCl is a 1:2 mixture of an organic salt, choline chloride, and ethylene glycol, Figure 1 .
The trials commenced by electropolishing a single token in 2Eg:ChCl for a period of 30 minutes at an applied potential of 6V in a two electrode cell with a Ti/Ir oxide mesh cathode. The sample was partially masked (as above), using acrylic resin, in order to provide topographical/compositional contrast between exposed (electropolished) and unexposed areas. A photograph of this sample (labelled S-13V, Table 2 ) is presented in Figure 1 and SEM images of the corresponding polished and unpolished regions are shown in Figure 2 . Here it can be seen clearly that the electropolished surface is optically smoother than the untreated region and that a discernible amount of metal has been removed during electropolishing. Interestingly, the particulate grain morphology intrinsic to the bulk of the HIP consolidated material is revealed in the electropolished surface, Figure 2(b) . This is evidence that the outer most interface of the piece has been removed.
The nominal bulk atomic composition of RR1000 powder used in this study is given in Table 1 .
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Elemental analysis was performed on the sample (S-13V) by EDX in the SEM in both polished and unpolished regions and the data are presented in Figure 3 . Most importantly these data show that in the electropolished region the Fe content of the surface is ca. 7% compared to 20% for the untreated surface. The higher Fe content of the unpolished surface is evidence of the diffusion zone from the steel mould. The data presented in Figure 3 also show a consequential increase in Ni content from 40%
at the unpolished surface to 47% at the polished surface. This is consistent with removal of the Fe rich diffuse layer. However, these data show that for the treated surface i) there are still high levels of residual Fe and that ii) the measured proportion of Ni in the polished region, 47%, is still below that representative of the bulk composition, ca. 52%, Table 1 . Consequently, it is clear that under these conditions not all of the diffuse layer had been removed.
The 3D surface morphology of the polished region of sample S-13V was also examined using tapping mode atomic force microscopy (AFM), In another experiment a HIP token sample was polished under the same conditions over a period of 60 minutes but with sequential withdrawal from the electrolytes at periods of 10 minutes. This gave a stepped polish in which the surface finish was examined at each 10 minute interval. The optical image and representative SEM images are shown in Figure 6 . These data show sequential removal of the external surface and a graded improvement in surface finish with increasing polishing time. (Individual step edges were not measured because the magnitude of the step height is relatively small with respect to the overall surface roughness). The surface roughness, R a (measured along a 100 µm line scan, averaged over five measurements, from the Zeta optical profilometer), after 10 mins electropolish was measured at 894 nm, after 30 mins this was reduced to 773 nm and after a total of 60 mins. the final value of surface roughness was 645 nm.
From these data we conclude that 2Eg:ChCl is an effective medium for the electrolytic removal of the alloy and in improving the surface finish.
Comparative etching
A series of samples were etched in either MSA/GA or 2Eg:ChCl electrolyte over a range of constant current (chronopotentiometric) or constant applied potential (chronoamperrometric) conditions, Table 2 . Temperature was controlled at between 40-50 °C for all etching experiments. In chronoamperrometric experiments (samples labelled S-xV, x = number) the applied potential was controlled between 4-10 V. A lower limit of 4 V was required for initiation of metal dissolution whilst at anodic potentials in excess of 10 V we have observed rapid degradation of the DES electrolyte and also very low current efficiencies (particularly in aqueous media). In chronopotentiometric etching experiments (samples labelled S-xC, x = number) the current density was adjusted for sample area and controlled at 70 mA cm -2 . This value of current density was chosen in order to keep the applied potential in the range 4-10 V during the course of the experiment. The time scale of etching was also varied between 10 minutes and 120 minutes. A range of results were obtained and some of the samples were photographed and presented here as Figure 7(a) . A wide range of surface finishes was obtained from both electrolytes; qualitatively the best and most consistent/homogeneous surface finishes were obtained using constant applied potential methods.
Current efficiency:
In several of these experiments the mass loss of the sample was measured along with the total Faradic charge passed and subsequently expressed as a mass/charge ratio, Table 2 , which is related to the current efficiency. These data are also presented graphically in Figure 8 . For these alloys the quantitative current efficiency for electrolytic dissolution is not easily determined because of the complex mix of metals and redox processes. However, the RR1000 alloy comprises ca. 52% Ni and the bulk of the remainder consists of metals, Co and Cr (Table1). Assuming that under these conditions the final oxidation states of these dissolved metals ions is Ni 2+ , Co 2+ and Cr 3+ then the Faradaic dissolution ratio for the alloy can be estimated at 2.7 x10 -4 g C -1 for a current efficiency of 100%. Thus it can be estimated from Table 2 These show an even and isotropic etch over the measured area with a step height of 111 µm between the treated and untreated regions. Similar images were recorded for the sample etched in 2Eg:ChCl, S-10V. Both optical and SEM imaging show similar features in both etched samples with effective removal of metal in both cases. Furthermore, the wider electrochemical window of the DES enables operation at more anodic potentials; the SEM data for the sample etched in 2Eg:ChCl at 10 V, S-11V, are shown in Figure 10 . Again the etch is even and isotropic over the imaged area with a step edge of removed in the same time. However, close examination of the latter sample, Figure 7 (c), shows regions of macroscopic pitting and unevenness. This is evidence that greatly increased metal removal rates are possible with 2Eg:ChCl, but that this is at a cost of increased surface roughness and poorer finish.
In order to obtain a good finish offered by the MSA/GA electrolyte but also the high current densities (rapid metal removal rates) made possible in 2Eg:ChCl a third experiment was performed in which a hybrid electrolyte was used. This comprised 90% 2Eg:ChCl mixed with 10% MSA/GA v/v. A sample etched in this hybrid electrolyte (S-12V) is shown in Figure 7 (d) with corresponding SEM images in Figure 11 , showing a step edge of 260 µm between the treated and untreated regions. In this case good metal removal rates were obtained and a very good surface finish was achieved.
In addition to the improvement in surface finish and metal removal rates offered by the hybrid electrolyte we also observe significant variations in the estimated current efficiency. The sample treated at constant current (S-8C) gave a current efficiency of 50% (compared with 33% for S-9C and 28% S-10C), whereas the sample etched at constant applied potential of 10 V (S-12V) gave the highest current efficiency observed at 73%. Rather surprisingly we also see that in a similar experiment where the sample is treated in hybrid electrolyte at a less anodic potential of 6V (S-8V) the estimated current efficiency is the lowest measured at 27%. The reason for this effect is not clear but it could be the result of a reduced water activity in the diffusion layer caused by the higher dissolution rate. In general DES are quite tolerant of water content but increasing water concentration does result in a consequential decrease in current efficiency. In this case the more anodic potential will drive the dissolution reaction much faster and hence saturate the diffusion layer of the electrolyte with dissolved metal ions. These metal ions will probably coordinate water solute and hence reduce the free-water content of the electrolyte layer adjacent to the metal surface.
Nevertheless, these observations show that the sample etched in the hybrid electrolyte (S-12V) shows the greatest metal removal per unit charge and consequently the hybrid electrolyte is the most current efficient in addition to providing an excellent surface finish that is comparable to both the commercial MSA/GA electrolyte or the DES at low potential.
Compositional data:
Elemental composition data were acquired using EDX in the SEM for all samples shown in Table 2 and the Fe and Ni components are presented as a function of electropolishing etch depth, measured using optical profilommetry, in Figure 12 . These clearly show that Fe concentration drops rapidly with etch depth and as a consequence Ni concentration in the HIP consolidated alloy rises. From these data, the thickness of the diffuse layer (in these samples) is estimated at between 200-400 μm. Removal of this quantity of metal from the surface is demonstrably possible and easily achievable using either MSA/GA, pure 2Eg:ChCl or with the hybrid.
Here we have described a new methodology for the removal of the iron rich diffusion layer in HIP consolidated forms fabricated using powder metallurgy methods with Ni-based superalloy RR1000 
